An introduction is given on the subject of magnetic metallic multilayers. These artificial structures appear to display several fascinating physical phenomonena which are of fundamental as well as technological interest. Two examples, the magnetic coupling between ferromagnetic layers across a non-magnetic spacer layer and the giant magnetoresistance are emphasized in this article. For each of these, key experimental observations are reviewed followed by a discussion of the physical principles underlying the phenomenon.
Introduction
Magnetism, although a very old field of research, is still an extremely active area, which has come to play a very important role in modern life. One of the most illustrative examples is the ability of magnetic materials to store information through (controllable) changes in magnetization directions. This property is at the heart of today's computer technology (rigid disks, flexible disks), consumer electronics (tapes for audio and video apparatuses) and many other important applications (such as magnetic strips for personal data on credit cards, etc.). The performance of magnetic devices is obviously largely determined by the properties of the magnetic solid involved. Since these properties depend heavily on the type of atoms and their environment, a high degree of control of composition and stucture is desired. It is therefore not surprising that most research being performed today is on man-made magnetic materials, for which this control is implicitly possible. An example of such artiflcially-prepared magnetic materials is formed by magnetic multilayers.
Multilayers (in their most simple form) consist of two materials arranged alternately in layers of certain thicknesses. They are mostly prepared by sputtering or molecular-beam epitaxy under ultra-high vacuum conditions. The progress in developing and refining these preparation-techniques in the last decade has been such that it is now possible to grow layers of very high purity and with extraordinarily good thickness-control (down to the monoatomic layer regime), for many (277) material combinations. The fact that artificial multilayers thus prepared do not occur in nature suggests that, given the unique manipulation opportunities and unique geometry, they may be engineered (or tailored) to have properties which might not otherwise be attainable.
Several interesting and sometimes spectacular physical phenomena have been reported. Among these are dimensionalty effects already exhibited by single films (i.e. multilayers are not necessary). An example concerns the temperature dependence of the magnetization, which can be affected considerably due to the reduction in the number of magnetic neighbours. Curie temperatures which are strongly reduced with respect to the bulk metals, with reductions of an order of magnitude for monolayers, have also been reported -see e.g. [1] .
A second group of effects can be classified under proximity or interface effects, i.e. effects which occur due to the presence of a boundary between two different materials. One of the most striking phenomena in this category is the occurrence of an easy direction for the magnetization perpendicular to the plane of the magnetic layer. This discovery was particularly amazing, since magnetic films were always expected to have their magnetization oriented parallel to the film plane as a result of the strong demagnetizing flelds created when tilting the magnetization out of the film plane. The phenomenon was quickly ascribed to an interface or surface anisotropy, which in fact had already been predicted in 1954 by Néel [2] , who argued that atoms at the surface of a magnetic layer, due to their reduction in symmetry, should exhibit a considerably different magnetic anisotropy than their inner counterpart atoms.
A third group of effects concerns physical phenomena which only occur for systems consisting of at least two magnetic layers. One of these is the magnetic coupling between two ferromagnetic layers separated from each other by an intervening non-magnetic layer. Another fascinating and for application oriented researchers perhaps the most important effect, is the socalled giant magnetoresistance effect. It was observed that the electrical resistance of several multilayered systems decreased strongly upon applying a magnetic field.
There are these latter two phenomena which the present article is concerned with. Key experiments are reviewed including a discussion of the important physical principles which account for the observations. The text is introductory of character: no attempt has been made to be exhaustive. Those who are interested in a more broad discussion including Several other interesting effects which are not adressed here such as exchange biasing, stabilization of crystal structures which are different from their equilibrium bulk-phase counterparts, mechanical effects, etc., are referred to [3] [4] [5] and to the two volumes of Ultrathin Magnetic Structures collecting a number of excellent reviews [6] .
Interlayer exchange coupling
The topic of this section is the magnetic coupling which has been discovered to exist between ferromagnetic layers across non-magnetic interlayers.
The term magnetic coupling between magnetic moments (or spins) usually refers to an interaction energy which depends on the relative orientation of the magnetic moments. In the present case we are interested in the dependence of the energy E on the relative orientation between macroscopic layer magnetizations. It appears that this situation can be described phenomenologically by the expression E = -J cos(θ) with θ -the angle between the magnetization vectors of the interacting layers and J -the strength of the interaction being positive for ferromagnetic coupling and negative for antiferromagnetic coupling. Note that this expression has the same functional form as the classical equivalent of the Heisenberg exchange interaction which acts on an atomic level. Higher order terms like the biquadratic exchange varying as cos 2 (θ) may also occur but are commonly orders of magnitude smaller than the first order (bilinear) term except of course where this term becomes zero. In such situations effects of this term are actually observed experimentally, see e.g. [7] . However, it is beyond the scope of this paper to discuss the experiments and the models that focus on this term.
Experimental observations, hisory
The experimental studies of interaction phenomena in multilayer films date from at least 1902, according to Yelon [8] . An important problem in these studies is the practical difficulty in manufacturing ultrathin interlayer films without microscopic holes. The formation of such holes, through which the ferromagnetic layers can touch and form ferromagnetic bridges (socalled pinholes), is disastrous, since such stuctures will outweight any indirect antiferromagnetic coupling through their very strong direct ferromagnetic coupling. This is probably the reason why clear evidence for an indirect antiferromagnetic interlayer exchange coupling was not obtained until 1986 for the rare-earth transition metal multilayers Dy/Y [9] , Gd/Y [10] , and for the 3d transition metal system Fe/Cr/Fe [11] . Preceding this study, the observed interlayer interactions were always found to be ferromagnetic and non-oscillatory (see e.g. [8] and for more recent studies [12] ). The discovery of antiferromagnetic (AF) coupling in the Fe/Cr system was followed in 1990 by the discovery of its oscillatory nature by Parkin et al. [13] . An example is shown in Fig. 1 displaying the behavior of the coupling strength as a function of the Ru spacer layer thickness for the Co/Ru system [14] . This behavior could be analyzed in terms of a single oscillation with a period A of about 10 Α. and decaying with the Ru thickness t as 1/t2 :
Subsequently it was discovered that the phenomenon was a general feature: almost all non-magnetic 3d, 4d and 5d transition metals were found to transmit an oscillatory interaction [15] . For many spacer materials about 10 Α. was found for the oscillation period. However, it soon appeared that this rather simple experimental situation which suggested a 10 Α universal period was oversimplified. For Cr a long period of 18 Α was found whereas for Os, which was not included in earlier experiments, also a significantly larger period of approximately 15 Α was found [16] . Moreover, further experiments [17, 18] , also inspired by theoretical predictions, showed that the oscillation periods depended on the specific growth orientation, i.e. on the orientation of the crystallographic planes with respect to the film normal, so that, even for a given element, no unique period could be defined. The situation became even more complicated after more refined experiments on samples having a considerably improved crystalline quality. From these it appeared that in addition to the above-mentioned long period oscillations also oscillations were present with very short periods down to 2 monolayers (MLs) for Cr and Mn (100) spacers [19, 20] , i.e. the exchange coupling displayed a socalled multiperiodic coupling behavior. Other examples of such a behavior was observed for systems with Cu, Ag and Au(100) spacers [21] [22] [23] . Here, the Fe/Au(100) case, shown in Fig. 2 , demonstrates this behavior most clearly. Three sets of two peaks are observed which can be analyzed as being a result of a superposition of long and a short period oscillation the long period Λ1 corresponding to the distance between the sets and the short period Α2 corresponding to the distance between the peaks within one set.
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For the present purpose of discussion the experiments mentioned so far are sufficient. Other important experimental observations will be addressed while discussing the physical origin of the oscillatory interlayer exchange interaction.
Understanding the oscillaory couplng phenomenon
In the physics of thin magnetic layers several coupling mechanisms are active. In this section we address the question which of them is relevant to our problem and how to explain the various experimental observations.
The most well-known example of a magnetic coupling which depends on the relative orientation between the magnetic moments is the long-range dipolar interaction. The interaction energy between two magnetic moments m 1 and m2 is given by
Here r is the bonding vector of the two magnetic moments. Note that this interaction falls off monotonically as 1/r 3 with increasing distance r between the dipoles.
In the case of atomic moments, a much more important interaction is the direct exchange interaction resulting from the overlap of the wave functions. Dependence on the overlap causes the interaction to fall off extremely rapidly with distance, and the interaction is therefore often only considered for nearest-neighbor atoms. It originates physically from the Coulomb interaction combined with Pauli's principle, but can be written in terms of spin magnetic moments as Here, J denotes the strength of the interaction, which is positive for preferential parallel alignment (ferromagnetic) and negative for preferential antiparallel alignment (antiferromagnetic).
A third example known to occur in metallic systems are indirect exchange interactions. These are typically two orders of magnitude smaller than direct exchange interactions, and therefore usually manifest themselves only in cases where the latter are absent. This is the case in, for example, the rare-earth transition metals, where the 4f wave functions carrying the magnetic moment are localized such that there is no overlap between them. The ordering in these systems is now governed by the indirect exchange interactions, leading to ordinary ferromagnets like Gd, but also to exotic helical spin stuctures such as in Dy. Another example is formed by dilute magnetic alloys such as CuMn, where, due to the low Mn content, the distances between the Mn atoms are too large to allow overlap, and a peculiar spin-glass behavior can occur.
An important indirect exchange interaction which can account for the various observations, such as the helical stuctures and the spin-glass behavior, is the socalled RKKY interaction, named after Ruderman, Kittel, Kasuya and Yosida [24] [25] [26] , who pioneered early theoretical work in this field. The remarkable but essential feature of this interaction is its oscillatory behavior. Contrary to, for example, the dipolar interactions, where two magnetic moments always couple with the same polarity* irrespective of the distance between them, the RKKY interaction is alternatingly ferromagnetic and antiferromagnetic with increasing distance. It appears that the interaction again can be written in the form of Eq. (4) [25] , in which J at large distances takes the form [26] :
It is clear that in order to explain the experimental observations the RKΚY mechanism is the best candidate. The direct exchange interaction has a range which is too short whereas the dipolar interaction is non-oscillatory and independent of the spacer material.
To understand the mechanism of the RKKY interaction and how it works out in the layered geometry it is very instuctive to consider the physics of a single interface between two non-magnetic metals. In Fig. 3 the situation is depicted schematically. Here, the horizontal coordinate represents the position normal to the interface whereas the vertical coordinate denotes the energy. If two metallic layers are brought into contact with each other their Fermi-levels will line up. Depending on the difference of the initial Fermi-levels of the two metals the energy bands will have a certain relative position with respect to each other. In the free-electron approximation the resulting change in electronic structure at the interface can be described by a single potential step, as shown in Fig. 3 . From here on we will continue to treat the metals as if they are completely free-electron like. Of course, this does not correspond to reality but it makes the discussion very transparent. Moreover, the most important consequences for the features of the coupling phenomenon are not lost by this approximation.
Within the free-electron approximation the situation in Fig. 3 may be recognized as a standard quantum-mechanics text book problem. The behavior of electrons may be characterized by ordinary plane waves of the form exp(ik x x + iky y + ikz z) Ξ exp(ik|| r|| ) exp(kz z ) in which kx , ky , and kz represent the wave vection parallel to the interface (the x, y-directions) and perpendicular to the interface (the z-direction). Here, k|| Ξ (kx , ky ) and r|| Ξ (x, y). The general solution *Antiferromagnetically or ferromagnetically, depending on the direction of the moments relative to the bonding axis.
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of the Schrödinger wave equation in the region of layer I can be written as the sum of an incident and a reflected wave with R -the complex reflection coefficient. We may now directly infer the effect of the potential step on the electron density p in layer I. Since in a metallic solid the electrons occupy a range of energies or wave vection ranging from Ο up to the Fermi wave vector kF we have to sum over all these electrons to obtain the net effect Substitution of Eq. (6) into Eq. (7) immediately yields that the oscillatory contribution to p is given by with z -the distance from the interface and R -the reflection coefficient at the Fermi energy. We see that the presence of a potential step induces an oscillation in the electron density. This is a general feature of metals: any discontinuity in the potential induces such an oscillation. For impurities for example this will have a spherical form like the one in Eq. (5). In the case of an interface between a non-magnetic metal and a ferromagnetic metal one has to distinguish the electrons according to their spin direction. In a ferromagnet they are not equivalent because the bands are shifted relative to each other, see Fig. 4 . The result is that the step-heiglt at the interface will be different for spin-up and spin-down electrons. This has the consequence that the electron densities of the spin-up and spin-down electrons do not cancel anymore as they did for a non-magnetic/non-magnetic interface but that near the interface apart from an electron-density oscillation also an oscillation in the spin-density σ(z) = p ↓, -p ↑ occurs having the same functional dependence as p in Eq. (8) . To make the final step towards interlayer coupling one may imagine a probe spin or magnetic moment moving away from the interface. As a function of distance this spin will "experience" a net magnetic moment induced locally in the sea of electrons whose sign changes from being parallel to the magnetization of the ferromagnet (locally more spin-up electrons) to being antiparallel to the magnetization of the ferromagnet (locally more spin-down electrons). Consequently the probe magnetic moment will (due to its contact exchange interaction with the polarized electrons) preferably align its magnetic moment parallel or antiparallel to the ferromagnet magnetization. As a next step one may replace the probe spin by a ferromagnetic layer yielding an interlayer exchange coupling which oscillates. Of course, in this case the second ferromagnetic layer also induces a spin-density oscillation which will interfere with the first one. A theoretical model by P. Bruno took this effect into account. By considering the energy associated with the in general multiple reflections which electron waves may undergo in the spacer he was able to make quantitative predictions for the interlayer exchange coupling strength [27] . It turns out that the square of the reflection coefficient R 2 determines the strength of the coupling, to be more precise (ΔR) 2 with ΔR the difference in reflection coefficients for the two spin-directions. This will have important consequences for the strength of the coupling as we will discuss later. The other features remain unaltered. They can be inferred from Eq. (8): the period Λ of the interlayer exchange coupling is determined by the length of the vector spanning the diameter of the Fermi-sphere: Λ = 2π/ 2kF; the decay occurs with the square of the distance or layer thickness: 1/t 2 like in Eq. (1). However, a few remarks need to be made.
Although the 1/t2 decay seems to agree with several experiments this is not generally the case. Often discrepancies occur which are attributed to sample imperfections. It is thought that these result in diffusive electron scattering causing a loss of coherence of these electrons with the unscattered ones. It may be clear that the probability of scattering increases with spacer thickness yielding a more rapid fall off with coupling strength with t.
If one calculates the oscillation period Λ = π/ kF for metals like Cu one obtains relatively small values of typically 2 Α. This seems at first glance in contradiction with the rather long periods of about 10 Α observed in many experiments (see the previous section). However, this problem has been resolved by realizing that in a coupling experiment the spacer layer thickness cannot be varied continuously but only in discrete steps of one atomic monolayer. This is illustrated in Fig. 5 [28] . Here, a rapid oscillation (with period λ = π/kF) is shown (full curve). Tle sampling or measuring at the discrete lattice planes (the solid points) causes the rapid oscillation to emerge as an oscillation with a longer period of indeed near the observed 10 Α [28] [29] [30] . A last remark concerns the multiplicity of the oscillations. From the above it may appear that merely one oscillation is possible. Clearly this is at variance with the experiments. Figure 2 for example shows that the exchange coupling can be a superposition of two oscillations. This difficulty has been resolved by among others P. Buno who slowed that apart from the vector spanning the Fermi sphere also the vector connecting the spheres in the repeated zone scheme gives rise to an oscillation [31] . Furthermore, it was shown that in general for arbitrary Fermi surfaces of non-free electron-like metals in principle each vector (parallel to the growth direction) which spans extremal parts of the Fermi surface (FS) may give rise to an oscillation [31, 32] . Figure 6 illustrates this for the relevant cro8s-section of the Cu FS for (100) growth. Here, two extremal vectors can be identified with their lengths qi related to the period Λi by qi = 2π/Λi. Indeed, for the Co/Cu/Co(100) system a superposition of two oscillatory contributions was found like in the Fe/Au(100) case of Fig. 2 . We mention that the FS cross-section for Au(100) is similar to that shown in Fig. 6 .
It may now also be clear that the periods depend on the growth orientation: FS cross-sections taken along different directions will differ from each other. Many experiments have been devoted to confirm the view that the periods are determined by the topology of the FS. Examples include experiments where the FS dimensions and topology of the spacer material was varied by studying spacers of different material (Cu, Ag, Au [21] [22] [23] ), having a different growth orientation (Cu(100,111,110) [21] ) or having a different band filling or electron density. The latter was achieved by adding a second element in the spacer, i.e. through alloying, see e.g. [33] . In general, all experiments support the FS picture so that at present the periods of the oscillatory coupling are reasonably well understood.
Currently, the research is directed towards understanding the strength and phase of the oscillatory coupling. Here, an important insight, viz, that the coupling phenomenon is not an interface effect but a property of the sandwich as a whole, was brought about by experiment [34, 35] as well as theory [36, 27, 37] . This conclusion directly follows from our discussion of the physics of a single interface. As we have seen and as has been proved by Buno [27] the strength of the coupling is directly determined by the complex reflection coefficients at the ferromagnet/non-magnet (FM/NM) interface. This has several consequences. The first is that the coupling should oscillate also as a function of the thickness of the ferromagnetic layer. This is because the effective reflection coefficient of a layer of finite thickness depends on the interferences of electron waves reflecting from the front interface and from the back interface of the layer, see [37] . As mentioned, in experiments on the Co/Cu(100) [34] and the Fe/Cr(100) system [35] such oscillations were actually observed. A second consequence, being in principle an extension of the first one, is that the reflection coefficients or alternatively the coupling strength are not only modulated by interferences within the FM layers but in principle by interferences in every layer in the sample. Recently it has been shown that the coupling oscillates with the thickness of a non-magnetic layer capping the FM/spacer/FM trilayer stucture [38] . Clearly, this experiment shatters the thought that the trilayer stucture is supposed to form the active part dictating the coupling phenomenon fully. Another important consequence involved the insight that the presence or absence of energy band gaps for the FM at relevant parts in k-space at the Fermi level may drastically alter the reflection coefficients. It is clear that when a gap is present electrons cannot propagate into the FM layer since no states are available. Hence, they are reflected totally. Here, the phase of the reflection coefficient and thus the coupling is a sensitive function of the electron energy relative to the center of the gap. Recently, phase shift experiments, employing different FM compositions with consequently different positions of the energy gaps, were performed and provided strong support for this picture [39] .
To conclude this section we remark that, although signiflcant progress has been made in the understanding of the coupling phenomenon still a number of unresolved problems remain. For instance, multiperiodic behavior has not been detected so far for almost all tran8ition metal spacers with unfilled d-bands (with the exception of Cr and Mn); predicted intrinsic biquadratic coupling oscillations still require experimental confirmation; discrepancies between experiments and first principles band stucture calculations regarding the strength; the lack of a model properly taking into account diffusive electron scattering effects; the lack of models taking into account the effect of a reduction of the ordering in the ferromagnet as a result of finite temperatures. Finally, we mention that convincing coupling experiments across semi-conducting or insulating spacers are still lacking.
Giant magnetoresistance
The topic of this section is the giant magnetoresistance (GMR) effect: a drastic change in electrical resistivity when applying a magnetic field. This is a novel magnetotransport phenomenon which has no counterpart in nature: it is observed for samples consisting of ferromagnetic entities which are separated from each other by non-magnetic material in such a way that the relative magnetization directions of the entities can be changed by an applied magnetic field of moderate strength. The most important systems which show this behavior are magnetic multilayers consisting of a stack of alternating ferromagnetic and non-magnetic layers. The phenomenon also occurs in socalled granular systems in which ferromagnetic clusters are dissolved in a non-magnetic matrix. However, we restrict our attention to the multilayer systems since in these stuctures the phenomenon is most pronounced and more importantly because these systems allow more systematic investigations of the effect: the magnetization direction and size of each individual entity (ferromagnetic layer) as well as the distance between the entities can be controlled in a much higher degree than in the granular systems. Also from application point of view the layered structures are more interesting. Here the GMR effect is employed in magnetic field sensors in the read heads of data recording devices.
The first part of the section presents a selection of experimental observations which are important for the understanding of the phenomenon. The second part is devoted to a discussion of the underlying physical mechanism. Rather than giving mathematical treatments an attempt is made to keep the discussion as qualitative as possible. Because the subject is an ongoing activity in the community since about 1988 several review papers on this subject have already been written and are in preparation each emphasizing different aspects of the problem [40] [41] [42] [43] .
Experimental observations
The first indication for the novel magnetoresistance (MR) effect occurring in magnetic metallic multilayers was obtained in 1988 by Binasch et al. in Fe/Cr/Fe trilayers [44] and in the same year by Baibich et al. [45] who observed a very large effect but in this case for multilayers of Fe and Cr. The typical behavior Baibich et al. observed is shown in Fig. 7 . Here it is seen that the resistance (normalized to the zero field resistance) dramatically drops, in this case by a factor of about 2, upon application of a magnetic field. Because this novel effect was very large compared to the known MR effects the effect was labeled giant magnetoresistance. From accompanying studies of the magnetization as a function of the magnetic field (not shown here) it became clear that the resistance change correlated with the relative orientations of the magnetizations in the successive Fe layers. At zero field i.e. the high resistance state, the magnetizations are aligned antiparallel with respect to each other due to the existence of an antiferromagnetic coupling between the Fe layers across the Cr layers. Upon increasing the magnetic field this antiparallel state changes gradually through continuous rotation of the magnetizations towards the direction of the magnetic field until the saturated state is reached. Here, all Fe magnetizations are aligned parallel to the magnetic field and the state of low resistance is obtained.
It is clear that the field at which the saturation occurs is a measure for the strength of the AF coupling and in fact this field, also indicated by Hs in Fig. 7 , is often used for coupling strength determination.
Further research showed that the GMR effect was not restricted to the Fe/Cr case but appeared to be a general phenomenon displayed by many combinations of the magnetic and non-magnetic transition metal elements [13] . For Co/Cu multilayers an example is shown in Fig. 8 [46] where it is seen that the MR ratio, defined as the relative change in resistance from zero field R0 to high fields R sat : (R0 -Rsat )/Rsat displays an oscillatory behavior with the Cu spacer thickness. Although this behavior mimics the behavior of the oscillatory interlayer exchange coupling exactly, it has become clear from several experiments that no obvious relation exists between antiferromagnetic coupling and giant magnetoresistance. The fact that the MR ratio goes to zero at for example a Cu spacer thickness of 13 Α in the above example in Fig. 8 is merely a result of the fact that the polarit y of the coupling is ferromagnetic at this thickness, preventing the occurrence of an antiparallel orientation between the magnetizations in the present experimental system. Speriosu et al. for example, proved experimentally, using clever spin-engineering experiments in which they were able to create antiparallel orientations also for spacer thicknesses where the coupling was ferromagnetic, that GMR occurs irrespective of the polarity and magnitude of the interlayer exchange coupling [47] . Therefore, at present it is accepted that GMR has no obvious relation to exchange coupling. A relation to quantum size effects which of course underlie the coupling phenomenon and which may also affect the resistance, is still an issue of debate where convincing experimental confirmation still lacks. To conclude this section we summarize a number of important features of the GMR phenomenon without discussing them individually.
The magnitude of the GMR is strongly material dependent. Values of 0.1% for V and Mo based multilayers are found whereas the record value today is 220% for the Fe/Cr system [48] . Closer examination of the various multilayer systems which have been studied so far, learns that for the magnitude of the GMR effect the material combination is crucial. For instance the use of Cr does not guarantee a high MR ratio. The NiFe/Cr system, for example, exhibits rather small MR ratios of only 0.1% [49] . Also the choice of Fe as a ferromagnet does not guarantee a high MR ratio. Here, the Fe/Ag system forms a counter example, no appreciable MR was observed for this system [50] . Preparation details play a significant role. Many examples demonstrate that for the same multilayer system different values are obtained by different research groups using a different or even the same deposition technique [42] . This indicates that crystallinity and interface roughness may play a role. Also it has been found that the individual layer thicknesses, the use of baseor cap-layers, the number of multilayer repetitions and other compositional details influence the observed MR ratio. Finally, an important experimental observation is that the GMR effect decreases with increasing temperature. Again it is mentioned that this list is not exhaustive, but for the present scope of this article it is sufficient.
Understanding the giant magneoresistance phenomenon
It is clear that for the GMR effect, being a particular electrical transport problem, electron scattering will be at the heart of the effect. In the paper of Baibich et al. [45] the hypothesis has been conjectured that the GMR effect originates in spin-dependent scattering of the conduction electrons i.e. there are different scattering probabilities and therefore different resistivities, ‚4 and p i for the two spin directions -an interpretation that nowadays is widely accepted. With this hypothesis, the occurrence of an MR effect can be understood straightforwardly by considering the "trajectories" of the spin-up (s,z = + 1 / 2 ) a n d s p i n -d o w n (sz = -1/2) electrons for the two relevant cases (i) the case where the magnetizations are aligned antiferromagnetically and (ii) for the saturated case with parallel alignment of the magnetizations. Figure 9 shows these two situations. In the parallel case, the spin-up electrons are weakly scattered in all layers and therefore carry a large part of the electric current. In contrast the spin-down electrons are strongly scattered and therefore contribute little to the current. In the antiparallel case, an electron that initially is a spin-up electron for one magnetic layer will be a spin-down electron for the adjacent ferromagnetic layer since that layer has a reversed magnetization axis and consequently a reversed quantization axis. The result is that electrons of both species are alternately strongly and weakly scattered as they cross the successive ferromagnetic layers. It is immediately clear that the saturated case corresponds to a lower resistance than the antiferromagnetic case because of the short circuit path which exists for one species of electrons in that case. Hence spin-dependent scattering is sufficient to explain the occurrence of a magnetoresistance effect when one causes the multilayer system to undergo a transition from an antiferromagnetic to a ferromagnetic state by application of a magnetic field. In addition the sign of the effect i.e. the resistance decreases with increasing field, is predicted correctly.
A first simple model describing the GMR in more quantitative terms can be obtained by application of the so-called two-current model -a simple resistor model which has been employed successfully in the past to describe the electrical conduction of dilute ternary ferromagnetic alloys [51] . In this model the conduction is described by dividing the current according to the spin-direction of tle electrons in two independent spin-currents in parallel. A requirement necessary for this subdivision to be meaningful is the absence of mechanisms which result in spin-flip scattering which would mix the two currents. This requirement is usually fullfilled at low temperatures. An additional requirement for the multilayer case concerns the mean free paths of both electrons: they should be large compared to the layer thicknesses. With these assumptions the antiferromagnetic and ferromagnetic case can be modeled by the equivalent resistor networks shown in the bottom part of Fig. 9 . The total resistivity pF in the ferromagnetic case (with two different resistances in parallel) is then written as [401:
whereas for the antiferromagnetic case (pAF), with both channels having the same conductivity the resistivity is given by [40 ] :
The MR ratio ΔR/R defined as (pAF -pF )/pF is then given by
↓ -a p a r a m e t e r r e p r e s e n t i n g t h e d e g r e e o f s p i n -a s y m m e t r y . T h e qualitative understanding of the GMR effect has now been reduced to the question
t o t h e o r i g i n a l h y p o t h e s i s o fs
p i n -d e p e n d e n t s c a t t e r i n g . O b v i o u s l y , this question draws on the microscopic origin of the GMR effect where e.g. the dependence on the type of materials is hidden in the α parameter. However, we remark that one should not draw the conclusion that the magnitude of the GMR effect can be described by this single α parameter. This deceptively simple looking result is caused by several over-simplifications in the two-current model as there are the assumption of very large mean free paths and the fact that for example interface and bulk scattering are not distinguished. Before we address the question regarding the origin of the spin-dependent scattering we illucidate this point by considering the consequence of relaxing, for example, the assumption on mean free paths. The spacer thickness dependence of the GMR demonstrates this most clearly. Figure 10 shows the typical behavior for the MR. It is clear that in practice the GMR effect will go to zero for large spacer thicknesses since on the one hand scattering in the spacer reduces the flow of electrons from one ferromagnetic layer to the other: an electron should sample at least two ferromagnetic layers and on the other hand with increasing spacer thickness an increasing portion of the current will shunt through the spacer without passing through any of the ferromagnetic layers. From this example it already emerges that the real situation is considerably more complex than suggested by the two-current model (Eq. (11)). In practice the GMR is determined by a complex interplay of several faction including the different conductivities or resistances of the layers composing the multilayer, the inhomogeneous distribution of scattering centers across the sample due to the presence of boundaries and interfaces, each with a possibly different roughness, the Several other possible types of microstucture related defects, the accompanying scattering processes such as diffusive scattering, specular reflective scattering at interfaces or transmission through interfaces, all with a certain probability of occurrence which in general depends on the spin-direction and on the angle of incidence relative to the normal of the layers and which may conserve or flip the spin-direction. All these faction culminate in a certain current density which varies as a function position along the growth direction across the multilayer stack thereby causing certain parts of sample to contribute more effectively to the GMR effect than other parts.
In literature a multitude of models are proposed varying from semi-classical to fully quantum-mechanical, with adjustable parameters or from first principles, each having its own formalism and emphasizing or neglecting the several aspects to a different degree. It is far beyond the scope of this article to discuss these models and their successes and shortcomings here. Rather than doing this we refer to the review papers which we already mentioned and focus in the remaining part of the paper on the microscopic origin of the GMR effect i.e. the mechanisms that may underlie the spin-dependent scattering (p 1# p ΐ). An important question in this respect is, for example, which materials properties account for a large spin-asymmetry in the conduction or scattering or alternatively can materials combinations be predicted which display a high GMR effect.
It is well known that for electrical transport problems the electronic stucture of the material plays a cucial role. Ferromagnetic metals like Fe, Co and Ni differ in this respect from ordinary metals such as Al and Cu for two reasons: Fe, Co and Ni are transition metals having unfilled d-bands and they are ferromagnetic: one needs to distinguish the electrons according to their spin-direction: i.e. the two spin-bands are shifted along the energy axis relative to each other. In Fig. 11 a schematic representation of the conduction band density of states N(ε) as a function of energy ε is shown. The shift results in an unequal filling of the d-bands which in turn leads to a non-zero magnetization which is of course at the origin of ferromagnetism of these metals. Contrary to the magnetism (carried by the d-electrons), the electrical transport in these metals is primarily carried by the electrons in the sp-bands because they are broad, having a low effective mass (the d-bands are narrow with a high effective mass). Although the sp-bands in themselves do not exhibit a spin-asymmetry †, the degree of conductivity does depend on the spin-direction. This is because the probability of scattering for these electrons is proportional to the density of states for the final states which in turn is enhanced relative to the noble metals because of the presence of d-states at the Fermi level and, more importantly is spin-dependent (the Mott mechanism [54] ). Of course, the enhancement explains why the resistivity of transition metals like Pd, Pt, Ru etc. is so high and why Cu, Ag and Au are such good conductors: their d-bands are completely filled and only s-s scattering is possible with a much smaller probability: Ns (ε F ) « Nd(εF ). Clearly, the spin-asymmetry of the d-bands in the case of Fe, Co and Ni is important to the GMR effect.
Within the free-electron approximation, the above can also be expressed in terms of the well-known Drude formula Here, pσ , mσ , nσ , and τ σ are the resistivity, effective mass, electron density and relaxation time, respectively separated for the electrons into the two spin-bands σ. The relaxation time, being inversely proportional to scattering probability, is related to the spin-dependent density of states N σ ( ε F ) at the Fermi energy εF by [55] :
with |Vσ | the matrix element of the perturbing potential connecting the initial and final states. In the matrix element the important physical information about the scattering processes such as scattering at phonons, vacancies, interstitials, dislocations and other possible defects, is contained. Although the scattering process itself and consequently the matrix element may be spin-independent, as in the above examples, Eq. (13) expresses that the corresponding relaxation times or mean free path lengths will still be spin-dependent and thus contribute to magnetoresistance. However, though it is still an issue of debate, it has been argued that for GMR the above-mentioned stuctural (spin-independent) randomness, having its primary source in the bulk of the layers, may be of less importance. It is thought that the dominant role is played by the spin-dependent randomness occurring at the ferromagnet/non-magnet interfaces because of roughness or interdiffusion. In this case the perturbation potentials set up by for example a step at the FM/NM interface or a magnetic impurity atom diffused into the non-magnetic layer, will evidently be spin-dependent. It is this additional spin-dependence (superimposed . on the spin-asymmetry in the density of states) which forms the basis for the supposition that this interface randomness dictates the GMR.
From the foregoing it may be clear that the latter potentials will depend on the electronic stucture and on the magnetism of the atoms involving the perturbation. Formulated in these terms a requirement for a large GMR effect is that for one spin-direction the perturbation in the electronic properties is negligible (the microscopic equivalent of the earlier-mentioned short circuit) whereas for the other spin-direction a maximum difference should be present. The fact that it is the perturbation or alternatively difference that is of importance expresses that indeed, as the experiments suggested, the material combination is crucial and not the individual elements. In order to predict which material combinations will yield large GMR ratios one could compare the electronic structures of the bulk metals. For the Fe/Cr case the corresponding densities of states are compared in Fig. 12 .
Here, it is seen that for the spin-up electrons the density of states of the Fe and of the Cr match very well whereas for the spin-down electrons this match is far from perfect. One could also consider the asymmetry in the subband resistivities p f. and p Τ as determined from the residual resistivities measured for binary alloys of for example in our case FeCr. For the present example the relatively low value for p Τ and the significant value for p J, is again favorable for a large GMR [51] . Therefore for Fe/Cr, being todays record GMR system [48] , this simple procedure works out quite well. However, this appears to be fortuitous and not generally applicable. The Fe/V multilayer system forms in this case the counter example since for this combination both arguments apply also whereas in contrast to Fe/Cr the observed [57, 58] . Here, band-stucture calculations [58] for rough interfaces indicated that the error in the intuitive reasoning originates in the fact that the magnetism and electronic properties of V atoms either in the bulk or completely dissolved in an Fe matrix are significantly different and not representative for V atoms located at a (rough) Fe/V interface. Furthermore, the insight in the microscopic picture of spin-dependent scattering was further increased by establishing a relationship between the spin-dependent scattering potential V σ and the interface magnetism in terms of two relatively simple quantities: the atomic number difference (ZA -ZB) and the magnetic moment difference (mA -mB ) between the A and B atoms constituting the rough interface [58] :
with the "+"-sign ("-"-sign) denoting the spin-up (spin-down) direction. This relationship enables one to put the above formulated requirement for a high GMR in quantitative terms i.e. band-structure calculations of the magnetic moments mA and mB at the rough interface may in principle be used to predict trends in the GMR with composition and growth orientation. So far this has not been done.
Although these are very promising developments, the relative importance of interface scattering with respect to bulk scattering remains a difficult issue which cannot be resolved alone by numerical calculations of the electronic stucture or the electron scattering at rough interfaces. The relative contribution of the several scattering processes to the conductivity of a particular multilayer and related to this, their effect on the magnitude of the GMR ratio is determined, as we have mentioned already, by a complex interplay of several factors of which the properties of the intrinsic scattering processes is one. Many experiments performed in the last few years aimed at investigating and unrevealing the role of these other factors. Particularly, the problem of interface versus bulk scattering received much attention. Here, a number of approaches were followed to attack this problem from experimental point of view. We mention a few. (i) Studies in which the effect of the magnetic layer thickness is investigated. In the case that the scattering centers are distributed uniformly over the ferromagnet (predominant bulk scattering), the number of active scattering centers increases with the FM thickness (and thus the GMR ratio) as long as the thickness does not exceed the longest of the mean free path lengths. If it does, the inner part of the ferromagnetic layer becomes inactive and will contribute primarily to shunting. As a result a maximum in the MR ratio will occur at a relatively large thickness comparable to this mean free path. In contrast, for the case of predominant interface scattering, the GMR ratio is already large for FM thicknesses sufficient to exhibit the bulk electronic and magnetic properties. This thickness may be only a few monolayers. However, in practice the FM thickness dependencies for several material combinations which were investigated and analyzed using the Boltzmann transport model yielded inconclusive results: dependencies analyzed as supposedly being a result of pure interfacial scattering differed not spectacularly from analogous cases analyzed as pure bulk scattering [40] . (ii) To obtain information on the role of the interfaces, the roughness of the interfaces has been modified by giving the sam-pies anneal treatments or by depositing an alloyed layer at the interface. Although the experiments indicated that the degree of roughness is indeed important for the magnitude of the GMR ratio, again no conclusion could be drawn regarding the relative importance of bulk versus interface scattering. Furthermore, due to controversial experiments, it appeared difficult to determine a (general) relation between the roughness and the GMR. (iii) Another attempt to draw conclusions regarding the role of the interfaces involved the insertion of different elements at the interfaces. For example, Parkin started from NiFe/Cu interfaces and studied the effect on the GMR of additions of small amounts of Co between the NiFe and the Cu layer. Addition of 3 monolayers appeared sufficient to increase the GMR by a factor of 2 [59] . Based on this it is tentative to draw the conclusion that interface scattering is the primary source for the GMR. However, what one in fact has shown with the experiment is that the spin-dependence of the scattering at a Co/Cu interface is stronger than that for a Ni 8 0Fe20/Cu interface. No conclusion can be drawn on the relative importance of bulk and interface scattering for the Νi80 Fe20/Cu system.
A development which seems to offer a way out of this problem is that recently it has become possible to perform experiments in a different geometry viz, where the current flows perpendicular to the planes of the layers [60, 61] rather than the geometry considered so far in this paper where the current flows parallel to layer planes. For this geometry the theoretical analysis appears much easier: a model strongly resembling the twocurrent model proved sufficient to accurately describe the conductivity for this geometry [62] . As a consequence more accurate determinations of the respective contributions of the interface and bulk scattering to the GMR could be made. For an overview we refer to [63] .
To conclude this article we mention that significant progress has been made in understanding the GMR phenomenon. However, several questions remain unanswered and require further research. Many of them are raised by the several theoretical approaches which are not discussed here. Issues that are unresolved include e.g. the role of quantum size effects, the effect of potential steps at the interfaces and the angular dependence of transmission coefficients.
